This paper considers the possibility of the persistence of quasi rents in the US natural gas industry. We compare the term structure of gas and oil futures, and test for cointegration between gas and oil prices. The results indicate that natural gas yield curves are consistently higher than those of oil, reflecting possible higher risk premiums. The results also indicate that gas prices are cointegrated with and are driven by oil prices. This is consistent with the notion of oil price serving as market indicator for gas contracts with potential quasi-rents. Our findings are important in supporting the view that natural gas markets may maintain quasi-rents, despite evidence of long-term trends in improving market efficiency.
INTRODUCTION AND LITERATURE REVIEW
In this paper, we explore the possibility of the existence of quasi rents in the natural gas industry stemming from hold-up costs. Over recent decades, the US natural gas industry has undergone a degree of integration, with greater degree of gas price correlations across various regions (De Vany and Walls 1993 , Doane and Spulberg 1994 , Serletis and Rangel-Ruiz 2004 .
The industry has reduced many barriers to entry, and it is widely held today to be relatively competitive (De Bock and Gijon 2011) . However, natural-gas delivery generally requires very large asset-specific investments in extensive pipeline systems. Moreover, investments in such systems are undertaken after long-term market profitability projections. Consequently, natural gas traders prefer to contract longer term than, for example, oil market traders (Grout 1984) .
Longer term and futures contracts typically carry risk premiums (Quan 1992 , Alexander 1999 , Omonbude 2007 , Stevens 2009 ).
This importance of a longer-term perspective serves as a motivation for this study. We compare risk premiums across gas futures contracts as well as with the premiums in oil futures contracts. The resulting term structure of gas futures reveals relatively high premiums, which suggest the persistence of quasi-rents in the natural gas industry. These comparisons indicate that longer-term natural gas futures contracts typically trade at a higher price than similar oil contracts, with the difference being statistically significant. They also indicate that gas futures are affected by the seasons of the year, while oil futures contracts are not so affected.
Therefore, this paper studies the relationship between gas and oil prices from the perspective of relatively high hold-up potential in natural gas industry. We test for cointegrating relationship between the futures prices of oil and natural gas. As mentioned above, traders may prefer to commit to futures contacts, even though such contacts would carry risk-premiums (Grout 1984) . For this reason, longer-term comparisons between oil and natural gas market structures may be better described using futures prices rather than spot prices. Our analysis shows that natural gas and oil futures are cointegrated, although their relationship may be affected by a number of recent events in the energy market.
The existing literature on cointegration between natural gas and oil prices has been relatively inconclusive. Most of the evidence agrees with our results and argues for long-term cointegration (Serletis and Herbert 1999 , Asche, Osmundsen et al. 2006 , Bachmeier and Griffin 2006 , Villar and Joutz 2006 , Panagiotidis and Rutledge 2007 , Nuriyev 2011 . Some scholars argue either against long-term cointegration between gas and oil prices or suggest that the relationship has weakened in recent years Rangel-Ruiz 2004, De Bock and Gijon 2011) . However, our analysis shows that even with long-term cointegration, gas and oil prices can divergence over the short term.
This divergence may be due to end users' limited ability to shift into alternative energy sources. Short-term switching between natural gas and oil typically requires significant expenditure in complementary apparatus by industrial end users. Similarly, transportation units require special engine and fuel-tank apparatus in order to be able to switch to natural gas. It is also the case for refrigeration and heating units as well as electric power plants. Moreover, in 2000 , only approximately 17% of capacities of US utilities had the ability of switching between the use of petroleum liquids and natural gas, but this share decreased to approximately 14% by 2010 (EIA 2000 , EIA 2010 . Hence, despite the trend in freer access and the possibility of adopting sliding price mechanism, natural gas contracts could still be prone to high quasi-rents.
Evidencing this is a contribution of current study.
One indirect method of extracting these quasi-rents is through indirect price discrimination based on quality of the product (Klein 1996) . This paper also studies several gas quality issues, including the variability of natural gas quality, its effect on the gas prices, and indirect price discrimination based on gas quality.
The remainder of this paper is structured as follows. Section 2 presents the data used and the analysis of term structure. Section 3 presents the analysis of long-term relationship between gas and oil futures prices. Section 4 discusses the gas quality issues, and section 5 concludes this paper.
DATA DESCRIPTION AND TERM STRUCTURE ANALYSIS

Data description
Our analysis employs the following daily data: (i) spot and futures prices of natural gas at Henry Hub; (ii) spot and futures prices of WTI crude oil; (iii) gas energy content, carbon dioxide content, nitrogen content, and gas weight relative to that of air. Gas quality data is provided for four pipeline connections at the Henry Hub: Hub to Mainline, Mainline to Hub, Sabine -Citgo, Sabine to Calcasieu. Term structure of gas and oil futures contracts may reveal seasonality in the patterns of natural gas and oil prices. Term structure may also indicate if natural gas industry is prone to additional risks, as discussed in the introduction. With this motivation, yield curves for different term futures contracts for oil and gas are constructed. The available data allows yield curves with only four points on the curves -one point for each contract type. Monthly simple annualised yield is calculated for each contract based on Equation 1 and averaged across all days of the month. Although, the result of this calculation is not strictly an actual yield, the return measure can capture any arbitrage possibility, despite the fact that it ignores storage costs. For example, an investor may buy gas on the spot market and sell it on the futures market, keeping the asset until maturity provides for a return, which, in this paper, is referred to as yield for simplicity of explanations. 
where n is the futures contract length of one, two, three or four months.
This annualised yield is somewhat similar to the convenience yield described in Brennan and Schwartz (1985) , Frechette and Fackler (1999) , and Ribeiro and Oliveira (2011) as an average return that a holder of a commodity receives for possibility of a shortage in the future.
In total, the analysis includes 96 pairs of oil and natural gas monthly yield curves for The fact that most gas yield curves are higher than the oil yield curves may be explained by higher risk premiums associated with gas (Nuryyev and Chu 2014) . Downward sloped gas yield curves in January and upward sloped ones in August indicate a seasonality effect. This may be explained by the expectations regarding increased consumption of electricity and heating in winter months, and reduced consumption in summer months. All of the graphs illustrating the yield curves are available upon request. September the annualised returns from the futures contracts are rising, reaching levels of more than 100%. In November and December the returns are falling, and in February average annualised return is negative. As mentioned above, this is probably due to expected higher demand for gas and lower storage levels during colder months of the year. 
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2.3.Econometric analysis of term structure of futures contracts
As mentioned in the introduction, due to high upfront outlays and their asset specificity, corresponding natural gas contracts are prone to hold-up potential (Klein 1996) . Hold-up potential increases with the length of the contract due to greater chance of a significant market change occurring. Thus, longer contracts may have higher risk premiums. In order to test if annualised return increases with contract length, we consider the spreads between the futures prices. Changes of annualised return with changes in contract length also reveal the term structure of futures contracts. Four types of spread are calculated: (1) the spread between 1-month futures and spot price, (2) the spread between 2-month and 1-month futures, (3) the spread between 3-month and 2-month futures, and (4) the spread between 4-month and 3-month futures. Positive spreads would indicate that annualised return increases with contract length.
Taking into account the seasonality effect, t-test 2 is used to determine whether the spreads are significantly different from zero. This term structure is observed after having accounted for the seasonality effect. The spreads between the four futures prices are statistically significant at 1% level. The spread between the 1-month futures price and spot price is statistically significant at 10% level. This result supports the notion that longer contracts may have higher risk premiums.
The regression results also show that the gas futures spreads are affected by the seasons of the year. Generally, the spreads are smaller in spring and winter, and greater in autumn. One exception is the spread between 4-month and 3-month. This spread is greater in autumn. This may be due to the fact that in autumn the delivery date for a 4-month contract occurs during a warmer season than that for a 3-month contract. Hence, the futures price is generally higher if the delivery date is during a colder season. This implies that storage costs and capacity constraints may place the supply of gas under stress during a cold season. gfs1 -the spread between 1-month gas futures and spot prices gfs2 -the spread between 2-month and 1-month gas futures prices gfs3 -the spread between 3-month and 2-month gas futures prices gfs4 -the spread between 4-month and 3-month gas futures prices s1, s2, s3 -seasonal dummy variables for spring, autumn and winter respectively Similar to the natural gas contracts, oil contracts may also incur potential hold-up costs.
However, natural gas tends to be more prone to hold-up potential due to more pronounced asset specificity of investments in transportation. We examine the term structure of oil futures contracts to verifying that risk premiums of gas futures are relatively higher. Spreads between oil futures contracts were regressed on a constant and seasonal dummy variables. Similar to gas futures, oil futures prices tend to be higher for longer term contracts. However, the oil futures spreads are affected by contract length to a lesser degree. The seasonality effect of oil futures is of a different nature and of a significantly lower magnitude. In autumn, oil futures prices for longer-term contracts tend to be lower than those for shorter term contracts. This is in contrast to the behaviour of gas futures. However, the results relating to both the term structure and seasonality of oil futures are somewhat questionable, as the R-squared values of the regressions are lower than 0.03 3 . This suggests that natural gas contracts may have relatively higher potential hold-up costs, which increase with contract duration.
A more direct comparison of natural gas and oil spreads between shorter and longer term contracts can be informative. The comparison could reveal that natural gas spreads are higher, possibly due to higher risk premiums. In this case, the spreads between natural gas futures prices may increase faster than the corresponding spreads for oil as contract length increases. This is tested using the following technique. Firstly, the difference between the ratios of gas to oil futures of longer and shorter contracts is calculated as in Equation 2 and Equation   3 . Secondly, this difference is regressed on seasonal dummy variables and a constant term. A constant that is significantly different from zero implies that gas spreads are indeed increasing faster than oil spreads.
where i is an integer ranging from 2 to 4 gofs1 -the difference between the ratio of 1-month gas to oil futures prices and gas to oil spot prices gofs2 -the difference between the ratio of 2-month gas to oil futures prices and 1-month gas to oil futures prices gofs3 -the difference between the ratio of 3-month gas to oil futures prices and 2-month gas to oil futures prices gofs4 -the difference between the ratio of 4-month gas to oil futures prices and 3-month gas to oil futures prices
The next table presents the results of regressing the left-hand sides of the Equation 2
and Equation 3 on seasonal dummy variables and a constant. The regression results show that, controlling for seasonality, the ratio of the gas to oil futures price is larger for longer contracts. This difference between contract prices is shown to be statistically significant using t-tests of the constant terms. In most cases the constants are significant at 1% level. Only the difference between the ratios of 1-month futures and spot prices is significant at 10% level. As mentioned in the introduction, this difference suggests that gas contracts are relatively more prone to quasi-rents.
COINTEGRATION ANALYSIS
As discussed in the introduction, natural gas and oil prices may move in tandem in the long term. However, these prices may also diverge in the short term when responding to market shocks. In order to test a long-term association of gas and oil prices, we test for cointegration MacKinnon approximate p-value for Z(t) = 0.000 4 The results of the unit root test are available upon request. 5 Possible significance of the first two events is apparent. Construction of a very large LNG terminal may reduce regional segmentation and affect the relationship between oil and gas prices. Additionally, there is an apparent change in this relationship at approximately the same time. 6 A similar apparent change between gas and oil spot prices was argued to illustrate decoupling by De Bock and Gijon (2011) .
Given cointegrated gas and oil futures prices, we expect gas futures to be driven by oil futures. This is because oil price often plays the role of energy market indicator for gas contracts, which have relatively higher potential hold-up costs. The remainder of this section tests whether gas futures are driven by oil futures or vice versa.
This test is implemented using an error correction model (ECM). This model also shows how oil and gas futures move back to equilibrium in their relationship after a shock. Two versions of ECMs are discussed: one with gas futures driven by oil futures, and another -vice versa. The ECMs were analysed using natural logarithmic values of the gas and oil futures prices. The results of the ECM analysis are presented in the tables below. d1dlgf1/d2dlgf1/d3dlgf1 -multiplication of d1/d2/d3 and dlgf1 d1dlof1/d2dlof1/d3dlof1 -multiplication of d1/d2/d3 and dlof1
The ECMs above indicate that oil and natural gas futures prices return to their longterm equilibrium after a shock. In the ECM with gas futures driven by oil futures, the error correction equals -0.25% of the divergence from their long-term equilibrium every day. This value is statistically significant at 5% level. In the ECM with oil futures driven by gas futures, the error correction equals -0.02% every day. The latter value is statistically insignificant. This suggests that natural gas futures prices are driven by oil futures prices. This agrees with the hypothesis that the natural gas contract price may be influenced by oil price trends, the latter signalling changes in the energy market.
In the ECM with gas futures driven by oil futures, only the autumn seasonality dummy is statistically significant at 5% level. In autumn, 1-month gas futures price is 7.4% higher than in summer. This may be due to expectations of higher gas consumption and lower storage levels in the coming winter.
A change of 10% in the oil futures price leads to a 6.4% change in the natural gas futures price. This is when the effects of the recession, new LNG terminal, and the hurricane are excluded. This effect of the oil futures price is significant at 1% level.
The new LNG terminal in Louisiana does not seem to affect the gas futures or the relationship between oil and gas futures. Neither hurricane Katrina nor the economic recession seem to have significantly affected gas futures. However, both events appear to have altered the relationship between oil and gas futures. The hurricane led to additional 7.6% change of gas futures in response to a 10% change in oil futures. The hurricane's effect on the relationship between oil and gas futures is statistically significant at 1% level. The recession decreased the responsiveness of gas futures to changes in oil futures by 4.7% for every 10% change in oil futures. This effect of the recession is statistically significant at 1% level.
GAS QUALITY ISSUES
The following aspects of the role of gas quality in the natural gas futures market are considered in this section. Firstly, natural gas prices might be directly affected by gas quality (Hekkert, Hendriks et al. 2005) . Secondly, market information asymmetry regarding product quality can give rise to a "lemons problem" (Akelrof 1970), which may be ameliorated by quality control measures. Quality control is largely based on requirements set by pipeline companies (Foss 2004) . According to contract specification of Henry Hub gas futures, gas quality meets the specifications set forth by Sabine Pipeline Company and approved by the Federal Energy Regulatory Commission (FERC). However, even with this quality control in place, gas quality variations may be considerable, especially with spot LNG deliveries from various parts of the world since mid-1990s (EIA 2012) 7 . Therefore, in this section we test for an effect of gas quality on spot and futures price of natural gas.
Due to non-stationary spot and futures price levels, the first differences of the price levels are used in the regressions. The Augmented Dickey-Fuller test rejects the null hypothesis of unit root for the first differences of spot and futures prices 8 . The variables relating to gas quality are also stationary. The regression results in the table below employ the gas quality data on the connection Henry Hub to Mainline. Similar regression results are obtained for other pipelines connected to the Henry Hub. Table 6 below shows that the gas spot price has a positive and statistically significant effect on the gas futures price. None of the gas quality variables affects either spot or futures prices.
One implication of this is that the quality control in place is adequate. However, in case of significant gas quality variations across pipelines, absence of the effect of gas quality on price may imply indirect price discrimination. dngsp -first difference of natural gas spot price dhgf1 -first difference of natural gas 1-month futures price Btu -energy content of natural gas CO2 -carbon dioxide content of gas N2 -nitrogen content of natural gas Grvty -weight of natural gas relative to that of air Indirect price discrimination may result from supplying gas of different quality to different pipeline destinations for the same price at the hub. To check for possible price discrimination, the gas quality data is tested for a difference in means across different pipelines to and from Henry Hub. This test is performed for all gas quality measures. The test results are available upon request. A summary of these results is provided in the Table 7 below.
The table below shows that in most cases the null hypothesis of no difference in means cannot be rejected. It is only rejected for some pairs of pipelines in relation to CO2 content, Grvty and N2 content. This result suggests absence of indirect price discrimination across regional markets connected to the Henry Hub. Table 7 . Difference in means of gas quality between pairs of pipelines
CONCLUSION
The main contribution of the this study is in evidencing that natural gas markets maintain quasi-rents, despite long-term trends in improving market efficiency. Natural gas industry is prone to relatively high hold-up potential, even compared to oil industry. This is due to large asset specific upfront investments and limited alternatives for transportation of gas, as well as for switching to other fuels. The potential for hold-up may leads to oil price serving as a market indicator for natural gas contracts. This, together with some level of long-term substitutability between oil and gas, can cause oil and gas prices to maintain a long-term relationship.
Additionally, oil price would drive this relationship if it serves as a market indicator.
In order to test for relatively high hold-up potential, this paper compares the term structure of natural gas futures contracts with those of oil futures. For the same purpose, this paper also analyses the difference between longer and shorter futures contracts for natural gas and oil. The results demonstrate that natural gas futures contracts bear higher risk premiums than oil futures, which supports the notion of higher hold-up potential. In order to test for a long-term relationship between oil and gas futures prices, this paper conducts a cointegration analysis, followed by an error correction model. The results indicate that 1-month oil and gas futures are cointegrated. As expected, the error correction model suggests that gas futures are driven by oil futures.
The error correction model shows seasonality in the natural gas futures prices, which are higher in autumn. This implies that expectation of higher demand for gas in winter can drive the futures prices up in autumn. The model accounts for the effects of hurricane Katrina, recent recession, and new LNG terminal on the relationship between oil and gas futures. The hurricane temporarily increased the responsiveness of gas futures to changes in oil futures, while the recession decreased it. The launch of a new LNG terminal does not seem to significantly affect the relationship between gas and oil futures.
A brief analysis of gas quality shows that the effect of gas quality on the spot and futures price of natural gas is insignificant. Additionally, there is not much gas quality variations across pipelines connected to the Henry Hub, suggesting no quality-based price discrimination.
